Pronounced hypofrontality, with the associated attentional deficits, has a key role in the neuropathology of medicationresistant depression.
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Such treatment-resistant depression may account for the immense socioeconomic burden caused by the disorder. Unresolved symptoms of depression are associated with greater cognitive deficits (e.g. in attentional performance), 2 lower psychosocial functioning and increased suicidality. 3 The conceptual and operational definitions of treatment-resistant depression vary across studies. 4 Even so, major depression is usually considered as resistant or refractory when at least two adequate trials with antidepressants from different pharmacologic classes fail to achieve clinical remission, 5, 6 regardless of other treatment options (e.g. psychotherapy and brain stimulation) and other characteristics of treatment-resistant depression (e.g. severity and duration). Many psychosocial factors are related to treatment resistance. However, there is limited evidence thus far supporting the effectiveness of psychotherapy for medication-resistant depression (MRD). 5 For example, patients with citalopram-resistant depression receiving cognitive-behavioural therapy in combination with medication had responses and remission rates similar to those of patients taking medications alone. 7 In fact, MRD is not uncommon in patients without prominent psychosocial stressors. Brain functional abnormalities have a significant role in the pathophysiology of major depressive disorder. 8 A recent review of the neuroimaging evidence on treatment effects in depression indicated that not all dysfunctional processes associated with depression can be reversed by antidepressant treatment and that trait characteristics are evident on both behavioural and neurobiological levels. 9 Although major depression is considered heterogeneous and treatment outcome might be affected by individual psychosocial factors, the worsened cognitive function that differentiates MRD from non-MRD suggests that the former condition might have some common neurobiological features across cases. However, the central pathophysiology that specifically underpins medication resistance remains elusive.
The prefrontal cortex is a key neural substrate in the corticolimbic network and the dysfunction of this network is thought to be a core deficit in depression. 10 The prefrontal cortex could possibly exert top-down control over limbic hyperactivity as a regulatory mechanism for depression, or could reduce negative emotions. 11 The enhancement of this top-down regulatory mechanism, e.g. by repetitive transcranial magnetic stimulation of the dorsolateral prefrontal cortex, 12 has been shown to substantially improve depression that had responded poorly to antidepressant medications. Decreased prefrontal cortex glucose metabolism was reported to be significantly correlated with depression severity (as measured by rating scales) in people with major depressive disorder. 13 However, it remains elusive whether the prefrontal cortex hypometabolism reflected a state-dependent characteristic (e.g. depression rating scores in the past week) or a trait-dependent characteristic (i.e. antidepressant refractoriness) of depressive severity. We predicted that decreased prefrontal cortex glucose metabolism would be a trait feature of patients with MRD, but not of those amenable to treatment. Indirect evidence supported that the former patients may have more prominent hypofrontality than those without treatment resistance. 14 Although demographic variables and state-dependent depressive severity, as rated by objective rating scales, might not distinguish between patients with and without a prominent history of antidepressant resistance, we aimed to investigate the central pathophysiology of MRD. We specifically predicted that decreased prefrontal cortex glucose metabolism would be the neuroimaging hallmark that differentiates MRD and non-MRD endophenotypes. Using positron emission tomography (PET), brain [ 18 F]fluoro-2-deoxy-D-glucose (FDG) uptake is indicative of regional cerebral glucose metabolism (rCMglu) at rest. 15 A visual 'go/no-go' task to assess a prefrontal cortical-related function, such as attention, was implemented as a behavioural probe for the cognitive deficits associated with depression. 2 We also aimed to elucidate whether altered glucose metabolism was 1 Prefrontal glucose metabolism in medication-resistant major depression Cheng-Ta Li, Tung-Ping Su, Shyh-Jen Wang, Pei-Chi Tu and Jen-Chuen Hsieh Background Medication-resistant depression (MRD) is associated with poorer attentional performance and immense socioeconomic costs.
Aims
We aimed to investigate the central pathophysiology of MRD, previously linked to impaired prefrontal cortex function.
Method
A total of 54 participants (22 with MRD, 16 with non-resistant depression, 16 healthy controls) were recruited. Non-MRD status was confirmed by a prospective 6-week antidepressant trial. All medication-free participants underwent a go/no-go task to study prefrontal cortical function (attention) and positron emission tomography scans to study regional cerebral glucose metabolism (rCMglu) at rest.
Results
The MRD group had worse attentional ratings and decreased rCMglu compared with the non-MRD and control groups. Attentional performance was positively associated with prefrontal cortex rCMglu. The prefrontal cortex differences between MRD and non-MRD groups remained after adjusting for past depressive episodes (F (1,35) = 4.154, P = 0.043).
correlated with clinical depressive severity and the go/no-go task performance indices in MRD and non-MRD patient groups having comparable demographic features and state-dependent depressive severity.
Method
Patients with major depressive disorder were recruited for this study from September 2010 to January 2012. The diagnoses were established by structural history-taking and administration of the Mini International Neuropsychiatric Interview (MINI) based on DSM-IV criteria. 16, 17 Adult patients (age range 21-65 years) were recruited. Exclusion criteria included major physical or neurological disorder, a history of alcohol or substance misuse or dependence, and major psychiatric comorbidities such as schizophrenia, bipolar disorder, other major psychosis, obsessive-compulsive disorders, post-traumatic stress disorder or Cluster B personality disorders. The DSM-IV diagnostic criteria for personality disorders were adopted. 17 Three groups of participants were finally recruited for this analysis: an MRD group (n = 22), a non-MRD group (n = 16) and a healthy control group (n = 16) (see Fig. 1 ). We adopted the most widely accepted criteria of a clear history of MRD (a failure to respond to at least two different classes of adequate antidepressant trials in the present episode or in the past) for the recruitment of the MRD group. 5, 6 These participants also needed to have a history of failure to respond to one type of selective serotonin reuptake inhibitor (SSRI). Participants in the non-MRD group had no history of medication resistance and responded well to antidepressants as confirmed by a prospective 6-week adequate trial with an SSRI (sertraline, citalopram or escitalopram) (see online supplement DS1 for details). The control group comprised healthy individuals well matched for age, gender, education and handedness. Furthermore, in the 6-week SSRI treatment trial, patients who did not have more than a 50% improvement in depression were considered as intermediate level to treat, and thus not a primary study group (the data from this group are also reported; see Results section). The study was performed in accordance with the Declaration of Helsinki and was approved by the appropriate local ethics review committee. All participants provided written informed consent.
Study procedures
Baseline medication-free PET scans, psychiatric ratings and cognitive testing were performed on the same day for each participant. Demographic and clinical characteristics were obtained for all participants based on a structural interview and a thorough recording of their medical histories. Individual assessments of mood severity were performed by an experienced psychiatrist and included ratings from the 17-item Hamilton Rating Scale for Depression (HRSD-17) and the Young Mania Rating Scale (YMRS). 18, 19 Neurocognitive tests (see below) were performed by a trained research assistant. For ethical reasons the non-MRD group comprised patients who were newly diagnosed or relapsed and had been without medications for at least 2 weeks before their recruitment. Structural magnetic resonance imaging (MRI) imaging scans were acquired on the same day as the other tests or (when clinical limitations were present) within at most 5 days of the study day.
Neurocognitive tests for attentional performance
The go/no-go task, used in our earlier study, 2 was adopted to test prefrontal cortical-related function such as attentional performance. It is computer-based and all the tasks were generated on a computer screen (32 cm diagonal screen size) with a viewing distance of 60 cm. Participants were asked to respond as quickly as possible after the '6' symbol appeared and not to press the key when the '+' symbol appeared. During the testing process participants were seated in a comfortable chair with arm rests. They were asked to press a key in the front central area of the keyboard with their right index finger as quickly as possible, according to the given testing instructions. Pretest trials were provided to ensure that participants understood each task. After they had completed the pretest with all correct responses, the formal test was then administered. The reaction times (mean, median and standard deviations) and omission frequencies were recorded as index measurements for attentional performance.
Imaging procedure
Magnetic resonance imaging T 1 -weighted images were acquired (mainly to improve spatial registration and normalisation of PET data) on a 3 T Discovery 750 whole-body high-speed imaging device (GE Healthcare, www.gehealthcare.com). Resting-state PET scans of glucose utilisation were acquired on a Discovery VCT PET/CT scanner (GE Healthcare) with a three-dimensional (3D) brain mode. Most of the PET scans were done at around noon (11.00 h to 14.00 h); participants fasted for at least 4 h beforehand. The PET images were acquired in the 45 min after an intravenous injection of approximately 370 MBq of [ 
Processing of PET data
All pre-processing and image analyses were performed using Statistical Parametric Mapping software (SPM8) for Windows (http://www. fil.ion.ucl.ac.uk/spm). A group-specific template of images was first established directly from the data-sets of the participants to reduce any bias in template selection and improve accuracy in PET spatial normalisation. The anatomical MRI and PET scans of each individual were co-registered and then MRI images were normalised to the standard MRI T 1 template. The resulting deformation field obtained from the latter procedure was applied to the PET scans. Finally, these normalised PET images from all participants were averaged to create a groupspecific, MRI-aided [ 18 F]FDG template. 20 Spatial normalisation by such a template provides the highest spatial specificity and sensitivity compared with use of other standard templates. 20 Each participant's images were normalised to the study-specific [
18 F]FDG template. Normalised PET images were further smoothed with an isotropic 10 mm 3D Gaussian kernel before voxel-wise analysis.
Statistical analysis
For analysis of demographic data and clinical variables SPSS version 16.0 software was used. One-way analyses of variance (ANOVAs) (or Student's t-tests) and chi-squared tests were applied to compare the continuous and categorical variables respectively among groups. The significance level was set at P50.05.
Voxel-wise analysis of PET data
The overall grand mean of the PET scans was centred and normalised to 100 mmol/100 ml per minute, and global variance across scans was removed by analysis of covariance (ANCOVA).
To assess potential group differences of normalised brain glucose uptakes, an ANCOVA with age, gender and global grey-matter values as covariates of no interest was used for between-group comparisons, and the main effects are reported (MRD v. non-MRD v. control). The significance thresholds were set at P50.05 at the voxel level, and family-wise error (FWE) was applied to correct for multiple comparisons. For the post hoc analyses, independent t-tests were performed for the between-group comparisons (MRD v. non-MRD, MRD v. controls, non-MRD v. controls) within the identified brain regions that passed voxel-level FWE-corrected P50.05 in the three-group comparison. The statistical thresholds were set at P50.0167 ( = 0.05/3, corrected for the three groups). Voxel-based partial correlations were performed to investigate the association between past major depressive episodes (and illness duration) and [ 18 F]FDG uptake after controlling for age, gender, HRSD-17 score and total grey-matter counts. The significance thresholds were also set at a voxel-level FWE-corrected P50.05.
Region of interest analysis
Mean brain glucose uptake values in the prefrontal cortex were extracted from unsmoothed PET images in the standard stereotactic space by using PMOD version 3.0 (PMOD Technologies, Zurich, Switzerland) as previously described. 21 Normalised prefrontal cortex glucose uptakes (values were normalised by dividing the prefrontal cortex uptake values by the global mean uptake values) were reported. In brief, an automated anatomical labelling template was used 22 to help delineate the prefrontal cortex to prevent bias from inter-or intrarater reliability due to manual delineation. The delineated prefrontal cortex covered the clusters that are most involved in depression, including the dorsolateral prefrontal cortex. 23 Correlation tests were performed to study the correlations between depression scores, attentional measurements and normalised metabolic activities in the prefrontal cortex, without (by Pearson's correlation tests) and with (by partial correlation tests) past major depressive episodes as the covariate of no interest. One-way ANOVA tests were performed on the normalised prefrontal cortex rCMglu values across the three groups, and these were followed by post hoc least significant difference analyses. A P value of less than 0.05 for the correlation analyses and post hoc analyses was deemed to be statistically significant. Receiver operating characteristic (ROC) curves were plotted for assessing the accuracy of prediction of antidepressant outcome by normalised glucose uptake. The area under the ROC curve (AUC) and the optimal cut-off based on highest sensitivity and specificity were calculated. 24 Finally, multivariate logistic regression analysis was carried out, with age, gender, HRSD-17 score, past depressive episodes, duration of illness and normalised prefrontal cortex rCMglu treated as independent factors and a diagnosis of MRD as the dependent factor. The adjusted odds ratios of MRD risk and their 95% confidence intervals were reported. Statistical significance was assigned to differences having P50.05 (two-sided tests).
Results
Sample recruitment is summarised in Fig. 1 A greater tendency to omit visual stimuli in the environment (omissions, F (2,51) = 3.398, P50.05) was observed in the MRD group compared with the non-MRD and control groups. Moreover, subjective psychosocial stressors were reported in 21% (n = 8) of all patients, but there was no significant difference between the MRD group (23%, n = 5) and the non-MRD groups (19%, n = 3). Such results suggested that treatment refractoriness might not be simply explained by the existence of psychosocial factors.
Between-group differences in rCMglu
Voxel-wise analysis Significant rCMglu differences in the bilateral dorsolateral regions of the prefrontal cortex (Brodmann's area 9), supplementary motor area (BA 6) and left middle temporal gyrus were noted in the three-group comparisons (Fig. 2a) ; see also online Table  DS1 . The post hoc analysis showed that rCMglu in the bilateral dorsolateral prefrontal cortex and supplementary motor area was decreased in the MRD group compared with the non-MRD group (Fig. 2b) . Compared with the control group, both MRD and non-MRD groups demonstrated decreased rCMglu in the left middle and inferior temporal gyri (BA 20 and 21); however, the MRD group patients also had decreased rCMglu in the bilateral dorsolateral prefrontal cortex and supplementary motor area (see online Fig. DS1 ).
Region of interest analysis
We found that the decrease in prefrontal cortex rCMglu was significantly more prominent in the MRD group compared with the non-MRD and control groups (F (2,51) = 11.071, P50.001; Fig. 2c ). The correlation between prefrontal cortex rCMglu and past major depressive episodes (r = 70.300, P = 0.067) was not statistically significant. After controlling out the numbers of past major depressive episodes, the differences in prefrontal cortex rCMglu still existed between the MRD and non-MRD groups (F (1,35) = 4.154, P = 0.043). We further analysed rCMglu among groups in some brain areas that were not a priori regions of interest, including subregions of the prefrontal cortex, anterior cingulate cortex and amygdala (online Fig. DS2 ). The most significant finding was in the bilateral dorsolateral prefrontal cortex, which was consistent with the findings of the voxel-wise analysis. Furthermore, 11 patients with major depressive disorder could not be categorised as non-MRD or MRD after the 6-week SSRI treatment. Despite the fact that it was not a primary study purpose, we found that these intermediate level to treat patients had no prominent prefrontal cortex rCMglu decrease (online Fig. DS3 ). In the post-study follow-up period (range 6-12 months) we found that most of these patients were eventually stabilised by a longer period of SSRI treatment (n = 3) or by switching to a different class of antidepressant (n = 4). These results suggested that prefrontal cortical rCMglu is not a good predictor of response to short-term antidepressant treatment but that it is a characteristic feature for a subgroup of patients with depression resistant to antidepressant medication.
Attentional ratings, MDEs and rCMglu
Faster mean reaction times were significantly correlated with higher rCMglu in the prefrontal cortex (r = 70.449, P50.005) (Fig. 2d ) and the negative correlation remained significant even after controlling out past depressive episodes in the statistical model (Table 2) . No significant correlation was found between omission and standard deviation of the reaction times and the prefrontal cortex rCMglu. Individual testing of association in each of the groups also revealed a similar trend that faster mean reaction times were significantly correlated with higher rCMglu in the prefrontal cortex (online Table DS2 ). We also found no correlation between past depressive episodes and brain rCMglu; this was also true after lowering the statistical threshold to an uncorrected P50.005.
Predicting refractoriness by frontal rCMglu
The AUC for prefrontal cortex glucose uptakes was 0.764 (online Fig. DS4 ). If we thresholded at 1.029 (normalised prefrontal cortex rCMglu, range 0.921-1.102) based on highest sensitivity and specificity, the sensitivity and specificity to accurately predict the refractoriness group are 68% and 71%, respectively. Regarding the multivariate logistic regression with age, gender, HRSD-17 score, past major depressive episodes, duration of illness and normalised prefrontal cortex rCMglu treated as independent variables, the variable most strongly associated with a diagnosis of MRD was prefrontal cortex rCMglu (b = 751.01, Wald = 4.98, P = 0.03) (Table 3) , indicating a strong negative correlation between prefrontal cortical rCMglu and the existence of a history of treatment refractoriness. These results suggest that the normalised prefrontal cortical rCMglu (i.e. prefrontal cortex relative to whole-brain glucose uptakes) is a characteristic feature of MRD, and thus could assist in differentiating patients with resistant disorder from the population with major depressive disorder.
Discussion
Patients with depression with and without a medication-resistant history could be differentiated by features related to resting brain glucose metabolism in the prefrontal cortex (i.e. dorsolateral prefrontal cortex and supplementary motor area), even when [25] [26] [27] For example, both increased and decreased prefrontal cortex activities have been reported in depression. Our findings at least partly explain such inconsistency. Previous studies of patients with lower treatment refractoriness, such as symptomatic remission after medication treatment, 25, 26 or good response to cognitive-behavioural psychotherapy, 25 did not tend to reveal prefrontal cortex hypometabolism, whereas patients having higher treatment refractoriness, such as those subjected to brain stimulation, were reported to have prefrontal cortex hypometabolism before treatment. 27 Prefrontal cortex glucose metabolism in the MRD group was significantly decreased, as predicted, suggesting that a more functionally impaired prefrontal cortex could be one biological factor in the observed treatment refractoriness of major depression. The finding of hypofrontality in the MRD group could be one key to their preponderant cognitive functional problems, as demonstrated by the correlation of hypofrontality with attentional deficits (see Fig. 2d ). We also found that the supplementary motor area glucose metabolism in the MRD group was decreased. This area is located at the frontal lobe and its anterior portion, as the region found in this study, is connected with most of the prefrontal cortex. 28 Structural deficits in the supplementary motor area have been found in patients with depression with melancholic features and also explained their implicit learning deficits. 29 Our finding of hypofrontality was in line with a recent study employing transcranial magnetic stimulation, 14 in which the authors explicitly addressed the prefrontal cortex-related differences between MRD and non-MRD patient groups. They reported that the MRD group had a significantly greater resting motor threshold than the non-MRD group, suggesting that treatment resistance might be associated with prefrontal cortex hypoexcitability.
14 Our study provides more direct evidence to support hypofrontality of patients with greater refractoriness. Major depression is considered a unique disorder based on DSM-IV criteria, yet a growing body of evidence indicates that the current criteria could have included a heterogeneous depressed population. Our finding of no correlation between past major depressive episodes and prefrontal cortex glucose metabolism suggests that the decreased glucose metabolism of the MRD group was not the result of repeated depression episodes. Besides, we also found that the length of the current episode was not a reliable feature of treatment refractoriness, because the mean length was greater in the non-MRD group, all of whom responded well to the prospective 6-week SSRI treatment. Thus, the remarkable features reflected in the difference in resting brain glucose metabolism between the MRD and non-MRD groups suggest that a history of refractoriness to antidepressants might be viewed as a trait feature. The heterogeneity of the population with major depressive disorder with respect to various degrees of treatment refractoriness might, at least in part, account for the inconsistencies in neuroimaging results previously reported for these patients. However, further study is warranted to identify whether the presence of decreased prefrontal cortex metabolism occurs early in the course of MRD.
Amygdala and association limbic regions are involved in depression, and many studies have highlighted the amygdala as a key region in the processing of negative emotion. 10 However, we saw no significant difference in glucose metabolism in the amygdala between the three study groups. Although the glucose metabolism of the amygdala in the depression groups seemed to be higher than that in the controls (see Fig. DS2 ), no statistical significance was found in either voxel-based or region-of-interest analyses. Abnormal amygdala activity may not represent a persistent marker of depression common to all subtypes. For example, the results of a study directly investigating the amygdala using functional MRI with event-related experiments involving emotional faces revealed that only depressed patients with bipolar affective disorder, but not depressed patients with major depression or healthy controls, had elevated left amygdala activity in response to mild and neutral facial expressions in the 'sad' experiments. 30 The study conclusion was that abnormally elevated left amygdala activity in response to mildly sad and neutral faces might be a depression-specific marker of bipolar disorder but not of major depression.
Hypometabolism of the left temporal gyrus was demonstrated in both depression groups. Analysis a posteriori revealed that this hypometabolism was not related to illness duration (r = 70.084, P = 0.643), past depressive episodes (r = 70.084, P = 0.659) or depression ratings (r = 70.002, P = 0.993). Resting state hypoactivity in the left temporal gyri has also been reported in patients with major depression receiving medication. 31 The hypoactive temporal cortex might be considered to be an additional trait feature for depressed patients with major depressive disorder, although these mechanisms are as yet undetermined.
Strengths and limitations
The strength of our experimental design included stringent controls for many confounding factors that may have resulted in the inconsistencies of results of previous PET studies. Such factors include age, education, medication and presenting depressive severity (i.e. HRSD scores). 23, 32 However, some limitations should also be considered in the interpretation of our study. First, depression is heterogeneous, and this study took what we believe is the first step toward disentangling this unresolved issue. However, because of concerns of frontal metabolic changes due 6 Besides, owing to ethical concerns and practical issues, our non-MRD group comprised patients who were newly diagnosed or relapsed and were not currently medicated. The optimal comparison group should be those who matched perfectly to the MRD group in terms of duration of illness and past mood episodes. However, even after adjusting for these confounders, our main results remained unchanged. Second, psychiatric comorbidities in depressed patients, such as anxiety, should be considered when interpreting our results. However, no significant difference in comorbidity was found between our depression groups. Third, a medication-free period before PET scanning and cognitive testing allowed us to minimise confounding effects from medications during the data interpretation, yet the potential long-term effects of past medication use cannot be completely overlooked. Finally, whether prefrontal cortical glucose metabolism is decreased early in the course of MRD cannot be answered from results of this study. To resolve this, as a next step we would like to scan a group of treatment-naïve individuals with first-episode major depressive disorder before the initiation of antidepressant treatment, and then follow their responses to sequential, adequate antidepressant trials.
Study implications
Patients with MRD, but not patients in the non-MRD and control groups, presented with pronounced prefrontal cortex glucose hypometabolism unrelated to the number of previous major depressive episodes. This hypometabolism explained why the MRD group performed worse in the attentional task. Prefrontal cortical rCMglu had low to moderate sensitivity and specificity as a biomarker for differentiating those with treatment resistance from the population with major depressive disorder. Our PET study, to our knowledge the first to be reported, confirmed that MRD can be biologically distinguished from non-MRD and control conditions. Early detection of cases resistant to medication could assist clinicians in selecting appropriate treatment strategies and thus prevent patients from repeated antidepressant treatment failures. Our results support the idea that MRD and non-MRD patients should be appreciated as two different subgroups of patients with major depressive disorder, both for clinical practice and for neuroimaging research purposes. matrix, and corrected for attenuation using CT information with the ordered-subset expectation maximization iterative reconstruction algorithm (6 iterations and 14 subsets).
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